Throughout human evolution, infectious diseases have been a primary cause of death. Detection of subtle cues indicating sickness and avoidance of sick conspecifics would therefore be an adaptive way of coping with an environment fraught with pathogens. This study determines how humans perceive and integrate early cues of sickness in conspecifics sampled just hours after the induction of immune system activation, and the underlying neural mechanisms for this detection. In a double-blind placebo-controlled crossover design, the immune system in 22 sample donors was transiently activated with an endotoxin injection [lipopolysaccharide (LPS)]. Facial photographs and body odor samples were taken from the same donors when "sick" (LPS-injected) and when "healthy" (saline-injected) and subsequently were presented to a separate group of participants (n = 30) who rated their liking of the presented person during fMRI scanning. Faces were less socially desirable when sick, and sick body odors tended to lower liking of the faces. Sickness status presented by odor and facial photograph resulted in increased neural activation of odor-and faceperception networks, respectively. A superadditive effect of olfactory-visual integration of sickness cues was found in the intraparietal sulcus, which was functionally connected to core areas of multisensory integration in the superior temporal sulcus and orbitofrontal cortex. Taken together, the results outline a disease-avoidance model in which neural mechanisms involved in the detection of disease cues and multisensory integration are vital parts.
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body odor | lipopolysaccharide | endotoxin | sickness cues | disease avoidance S ocial interactions serve adaptive purposes (1) , but these interactions can be dangerous and potentially fatal if the conspecifics host an infectious disease. The significance of the pathogenic threat is evidenced by the fact that genes relating to immunity are evolutionary hotspots where the defense against pathogens is a leading cause of genetic adaptation (2) . It has recently been proposed that animals and humans have developed adaptations complementing the physiological immune system through reducing both exposure to and the toll of infection (3, 4) . A central set of adaptations refers to disease avoidance, that is, an ability to detect and avoid possible pathogenic threats in the environment. Here, the exposure to disease cues in other individuals is proposed to facilitate certain cognitive and emotional responses, consequently provoking social avoidance and certain immune markers (3, 5) . Many animals can detect sick individuals via odor cues such as volatiles in urine and feces (6) , and sickness detection leads to constrained social investigations in healthy conspecifics, possibly minimizing disease transmission. However, only a few studies have assessed a sensory-mediated sicknessdetection mechanism in humans, and essentially nothing is known about the neural mechanisms underlying the detection of sick individuals and potential subsequent social avoidance tendencies toward them.
Still, several findings suggest that visual cues such as skin coloration (i.e., redness) are indeed important when judging apparent health of others from facial photographs (7) , that disease-related visual stimuli (such as seeing photos of a person sneezing) elicit an aggressive immune response (8) , and that exposure to disgustinducing visual stimuli increases immune markers in the oral cavity (5) . Similarly, different patient groups are associated with characteristic body odors (9, 10) . However, none of these studies has manipulated acute health status, and therefore they have not been able to establish any evidence for causality between sickness and detectable cues, nor have they investigated these cues soon after the induction of a systemic sickness response.
A possible way to study sickness detection in and by humans is the experimental induction of an inflammatory response in otherwise healthy subjects, using endoxin [lipopolysaccharide (LPS)] injections, which activates a robust sickness response (11) . Recent data indicate that the sickness response makes individuals' body odor more aversive (12) and also influences their walking gate pattern, leading naive participants to rate these individuals as less healthy (13) .
Although LPS induces a reliable sickness response, the effects on overt behavior can be subtle (13) . In addition, odor cues are often difficult to assess consciously (14) (15) (16) . With this background, we would expect visual and olfactory cues of LPS-induced sickness
Significance
In the perpetual race between evolving organisms and pathogens, the human immune system has evolved to reduce the harm of infections. As part of such a system, avoidance of contagious individuals would increase biological fitness. The present study shows that we can detect both facial and olfactory cues of sickness in others just hours after experimental activation of their immune system. The study further demonstrates that multisensory integration of these olfactory and visual sickness cues is a crucial mechanism for how we detect and socially evaluate sick individuals. Thus, by motivating the avoidance of sick conspecifics, olfactory-visual cues, both in isolation and integrated, may be important parts of circuits handling imminent threats of contagion.
to be rather vague. It is clear, however, that the integration of weak specific signals from individual sensory systems improves the accuracy and speed of detection (17) (18) (19) . To assess multisensory facilitation of sickness-cue detection and its neural correlates, we investigated changes in whole-brain activation in response to the presentation of sick and healthy faces combined with the presentation of body odors of sick and healthy individuals, and we assessed "liking behavior" toward the faces. Liking represents a central facilitator of human behavior, with clear implications for when to approach and affiliate with others (20, 21) . Accordingly, reduced liking in response to the perception of subtle cues of sickness may indicate a behavioral tendency for the initiation of an overt behavioral defense against disease in humans.
Facial photographs and body odors were sampled from 18 individuals (nine women), here referred to as "donors," who had participated in a double-blind placebo-controlled crossover design study. Samples were taken when donors were "sick" (after LPS injection at a dose of 2.0 ng/kg body weight) and when they were "healthy" (after saline injection) (22) . A second group of naive participants (n = 30) was exposed to the photos and body odors while their cerebral responses were recorded using fMRI. Visual stimuli, i.e., photographs of healthy or sick donors' faces displayed on a computer screen, were presented in combination with body odor from either sick or healthy donors, or a control odor (an unused sampling pad; all odors were presented to the nose by an olfactometer). Participants were instructed to focus on the face and rate spontaneously how much they liked the depicted person.
We hypothesized that sick faces and faces paired with sick body odors would render less liking of the person compared with their respective healthy counterparts and that congruent sickness cues from multiple sensory channels (i.e., sick faces paired with sick body odor) would elicit the lowest liking ratings. We further predicted that sickness cues compared with healthy ones would evoke enhanced blood oxygen level-dependent (BOLD) changes in the odor-perception network (piriform cortex, orbitofrontal cortex, and amygdala) and in the face-perception network (fusiform gyrus, inferior and superior frontal gyrus, and amygdala). This prediction was based on previous studies demonstrating sickness-driven changes in body odors (12) and facial appearance (23) and on several studies indicating salience-and threat-driven changes in the respective olfaction-(24) and vision-(25) processing networks.
We also investigated the combined multisensory olfactoryvisual sickness signal in areas that detect own sickness and, potentially, sickness in others, such as the orbitofrontal cortex, posterior cingulate cortex, and insula (26) . We specifically tested whether the neural correlates of combined olfactory-visual sickness cues would cause activation to and above the sum (superadditive) of the olfactory and visual sickness cue profiles, thus representing the presence of multisensory integration of human sickness signals.
Results

Behavior.
Effects of sickness cues in face and odor on liking. The results of a repeated-measures ANOVA determining sickness-dependent effects on liking ratings of the presented faces ( Postscanning ratings of separately presented faces and odors. After scanning, faces and odors were rated along further subjective dimensions, this time following separate unimodal presentations. The results of a repeated-measures ANOVA determining sicknessdependent effects on perceptual ratings of the presented odors ( Effects of sickness in face and odor on whole-brain activation. In a whole-brain analysis, we determined the neural signatures of visual and olfactory sickness cues, respectively (Fig. 3) . We first determined the neural network relating to the perception of sick in comparison with healthy faces (i.e., visual sickness) by contrasting all presentations of sick faces against all presentations of healthy faces (across all body odor pairings). The contrast visual sickness was related to a significant activation in the right superior frontal gyrus (dorsal part) and the left middle frontal gyrus (ventral part, bordering on the frontal pole), as well as the right posterior insula and the right middle cingulate cortex (Fig.  3A and Table S1 ). Please refer to Fig. S1 for time course plots of the BOLD response during all contrasts. We then determined the neural network relating to the perception of sick vs. healthy body odor (i.e., olfactory sickness) by contrasting all presentations with a sick body odor against all presentations with a healthy body odor (across all face pairings). The olfactory sickness contrast was related to significant activation in the bilateral mediodorsal thalamus, the right posterior orbital and orbitofrontal cortex, the right entorhinal/piriform cortex, the bilateral inferior frontopolar gyrus, and in the left middle frontal gyrus (ventral part) ( Fig. 3B and Table S1 ).
Effects of multisensory sickness on whole-brain activation. We then assessed whether the brain demonstrated integrative neural processing of the olfactory and visual sickness cues (Fig. 4) . We first focused on additive (in contrast to superadditive) integration by determining the neural signature for olfactory-visual sickness cues by directly comparing the olfactory-visual sickness condition with the olfactoryvisual health condition. The contrast olfactory-visual sickness was related to three activation clusters in the right and left superior frontal gyrus (all in the dorsal part) and to activation in the left middle frontal gyrus (ventral part), the left inferior frontal gyrus (stretching into the temporal pole), the right orbitofrontal cortex, the bilateral mediodorsal thalamus, and the left cerebellum ( Fig. 4A and Table S1 ).
To assess whether and where multisensory sickness cues would meet the criterion of superadditivity, we contrasted the multisensory sickness condition to the sum of the unimodal sickness cues. This superadditive sickness contrast, testing for activation that would exceed the sum of activations associated with olfactory and visual sickness, was present in bilateral lingual (visual cortex) and bilateral middle occipital gyri, in the right parietal sulcus and gyrus, and in the left motor cortex and the left cerebellum ( Fig. 4B and Table S1 ).
A psychophysiological interaction (PPI) analysis was conducted to test functional connectivity of the intraparietal sulcus (IPS), a central area for multisensory integration, during superadditive sickness (Fig. 5) . The aim was to identify brain regions in which activity is more related to activity in the IPS in the context of multisensory integration of sickness cues than in the context of a mere summation of visual and olfactory sickness cues.
During superadditive sickness, we found increased functional connectivity between the IPS and a network consisting of bilateral inferior and superior temporal cortices (anterior and posterior part), right inferior parietal lobe, bilateral anterior and middle cingulate cortices, bilateral precuneus, primary visual cortex, and right fusiform cortex (Fig. 5 and Table S1 ).
Discussion
This work provides information on the neural mechanisms underlying the detection of sick individuals. We can demonstrate that individuals' liking behavior toward another person changes as a function of the underlying inflammatory activation in response to a bacterial-type stimulus in these persons and, further, that individuals on average rate sick persons as less healthy, attractive, and socially desirable based on visual cues. The reduced willingness of humans to socialize with sick individuals at the behavioral level supports the notion of a behavioral defense response that could lower the probability for contagion. Importantly, these behavioral effects are already evident 2 h after the onset of an immune response. Although these results suggest that we can distinguish sick from healthy states at an early stage, side-by-side discrimination between sick and healthy individuals should be performed to gauge the sensitivity and specificity of disease detection in this context. Moreover, we can demonstrate that visual and olfactory sickness cues yield increased activation in their respective olfactory sensory and visual face processing cortices. Finally, we present evidence for multisensory integration of sickness cues in the intraparietal sulcus, a core multisensory integration area, thus indicating that the brain can extract and process amodal sickness cues.
Our first aim was to deconstruct olfactory-visual sickness into its unisensory contributions. Olfactory sickness (Fig. 3B ) was related to increased activation of the mediodorsal thalamus (MDT) and of the odor perception network (27) , including the orbitofrontal cortex (OFC), the entorhinal/piriform cortex, and the inferior frontopolar and middle frontal gyrus. The odor perception network is susceptible to attention and learning (28) , as well as threat processing (24) . Pertinent to this study, it has been shown that the olfactory cortex (piriform cortex, OFC, amygdala) stores threat codes as acquired associative representations formed via aversive life experiences.
The role of the MDT is less clear. Although olfactory processing has a nonobligatory thalamic relay (e.g., in contrast to vision), thalamic lesions cause impairments in odor functioning (29) , i.e., in identification and in evaluation of pleasantness. Moreover, it has been suggested that thalamic nuclei receive indirect olfactory input from olfactory cortex (30) . That odor pleasantness is associated with thalamic activity (31) is of further interest, given that in our data the pleasantness of the sick body odor was reduced compared with the control pad but was only insignificantly reduced compared with the healthy body odor. This result did not replicate previous findings showing that sick body odors are perceived as stronger and more unpleasant than healthy ones (12) . A Fig. 3 . Whole-brain activation to visual sickness (A) and olfactory sickness (B) shown as t-contrasts from a random-effects GLM. All activation maps are depicted in neurological convention. The color bar depicts t-values of local maxima peak activation. MCC, middle cingulate cortex; MDT, mediodorsal thalamus; MFG, middle frontal gyrus; OFC, orbitofrontal cortex; SFG, superior frontal gyrus. Fig. 2 . Bar graphs depict postscanning ratings of all faces and odors (mean ± SEM). ***P < 0.001, **P < 0.01, *P < 0.05.
possible explanation for our results may be that body odors presented by an olfactometer, as ours were, are typically perceived as weaker than odors presented from head-space saturated jars [as done in a previous study by our group (12) ]; this notion is supported by the sick and healthy body odors in our not rated being rated as more intense than the control pads in this study.
Even though body odors were weak, and no clear perceptual differences between healthy and sick body odor were observed, it is interesting that activations by olfactory sickness cues were found. This pattern supports previous findings showing that the effects of exposure to body odors do not depend on clearly consicous stimulation (14, 15) . Consequently, the complete odor network may relay threat-related cues to higher cortical areas and thereby may serve disease avoidance at later, potentially more conscious stages, eventually causing behavioral adaptation. We also note that an olfactory threat signal need not be perceptually distinct to be processed by the brain (15, 16) . Future studies should assess the neural changes associated with clearly conscious perception of odor sickness cues.
As noted, the photographs of sick faces were indeed related to significantly reduced liking, health, attractiveness, and willingness for social interaction as compared with the photographs of healthy faces, thus supporting the avoidance of sick individuals on a behavioral level. The study therefore provides evidence that humans have the ability to detect early signs of sickness by merely observing facial photos of acutely sick individuals. On a neural level, visual sickness (Fig. 3A) activated the superior and middle frontal gyrus, the posterior insula, and the middle cingulate cortex. The superior and middle frontal gyrus seemed to reflect sickness-driven visual processing in parts of the cortical face-processing network (32) . They may, together with the insula, amygdala, and the middle cingulate cortex, point toward the presence of facial emotion recognition (32) or to shared neural representations (33) of a firsthand experience of an emotion-like state such as feeling sick (26) . Although this interpretation remains speculative because participants lacked an actual firsthand experience, the donors depicted in the facial photographs felt more sick and anxious after LPS treatment than after placebo saline treatment, as reported earlier (22) . Therefore the interpretation that the activations involved in observing infected humans in discomfort and potentially in pain are, to some degree, related to the activations involved in actually being sick and potentially experiencing pain oneself may not be too farfetched and should be investigated further in future investigations. Another point of interest is that, although olfactory effects (olfactory sickness) were present in early sensory-processing areas, visual effects (visual sickness) seemed to involve higher-order, potentially face-processing, areas, such as the superior and middle frontal gyrus, middle cingulate gyrus, insula, and amygdala. This difference may be interesting to address in further studies in which a higher temporal resolution (i.e., simultaneous EEG and fMRI measurements) would enable targeting of the temporal aspects of sickness signal processing, potentially showing that odor cues serve disease avoidance at very early, and possibly nonconscious stages of perception.
Summarized, the activations in the extended face-processing network and areas responsible for enabling shared experience in an observer may represent a second neural circuitry with clear associations to disease avoidance at the behavioral level. Future studies should use explicit tests of approach-avoidance behavior related to sickness cues (olfactory, visual).
It should be noted that the neural profiles for olfactory sickness and visual sickness showed an expected overlap with the activation pattern relating to the contrast testing for olfactoryvisual sickness (e.g., the middle and superior frontal gyrus, OFC, and MDT) (Fig. 4A) . That exposure to multisensory sickness signals caused an activation of both cortical and subcortical areas supports the idea that sickness detection is related to the detection of one or several sickness signals (the addition model) rather than to the detection of a reduction of one or several health signals (the reduction model) (34) . This addition model is supported further by the fact that the reverse contrast (testing olfactory-visual health) revealed no significant activation, even when tested against a very liberal statistical threshold (P < 0.001, uncorrected). Although these models are conceptually hard to discriminate, the data presented here are in line with disease detection being more related to the detection of cues signaling sickness than to the detection of a reduced health signal.
Apart from overlapping neural profiles for olfactory, visual, and olfactory-visual sickness cues, olfactory-visual sickness exclusively activated the temporal pole, stretching to the inferior frontal gyrus, and the cerebellum. Although these activations could be related to multisensory enhancement of sickness cues (35), a clear interpretation is hindered by the fact that the contrast olfactory-visual sickness also allows for additive effects of unisensory olfactory and visual sickness cues (36) . To focus on the neural signature of clear multisensory enhancement as a correlate of superadditive and modality-independent threat perception, we carried out a contrast that statistically tested the criterion of superadditivity. Superadditive sickness (Fig. 4B) yielded activation in the lingual and middle occipital gyrus, in a widespread cluster within the parietal cortex (superior and inferior parietal gyrus and the IPS) and in the motor cortex and the cerebellum. Several areas of this network may represent multisensory integration hubs at both earlier (lingual and middle occipital gyrus) (37) and later (IPS) stages (38, 39) in the perception stream. Given that these activations are reported mainly in studies targeting audiovisual integration (but see ref. 40) , we argue that the present findings add olfactory-visual integration Fig. 5 . Whole-brain functional connectivity of IPS and superadditive sickness (t test from a random-effects GLM, T > 4.83, FWE peak-level corrected, P < 0.05). Color bars depict t-values of local maxima peak activation. The asterisk indicates that activation of this cluster also encompassed the inferior temporal gyrus and fusiform gyrus. ACC, anterior cingulate cortex; Hipp/ Amy, hippocampus/amygdala; hOc1, primary visual cortex; IPL, inferior parietal lobe; MCC, middle cingulate cortex; STG, superior temporal gyrus. Fig. 4 . Whole-brain activation to olfactory-visual sickness (A) and superadditive sickness (B); t-contrasts are from a random-effects GLM. IFG, inferior frontal gyrus; IPC, inferior parietal gyrus; IPS, inferior parietal sulcus; MDT, mediodorsal thalamus; MOG, middle occipital gyrus; OFC, orbitofrontal cortex; SFG, superior frontal gyrus; SPG, superior parietal gyrus.
of human sickness cues into these multisensory convergence zones and represent an activation network that is distinct from its unisensory contributions, olfactory sickness and visual sickness.
The concept of multisensory integration should be interpreted with care, given the limit of the fMRI technique that measures populationbased activity rather than single-neuron activity in which the concept was first demonstrated (36, 41) . However, the study's validity is supported by the use of the most conservative contrast discussed in the literature [superadditivity (36) ]. Moreover, ratings indicated how perceptually subtle, or weak, the sickness cues were, thus suggesting that inverse effectiveness [a greater benefit of multisensory integration for weak unisensory cues (42) ] is likely to apply (43) .
Importantly, the superior temporal sulcus (STS), and superior temporal gyrus (STG) are considered core areas for multisensory integration (17, 38) , including for olfactory-visual integration (44) . The STS was significantly connected to the IPS during multisensory integration, as indicated by the PPI analysis (Fig. 3) focusing on functional connectivity of IPS and whole-brain activation. Likewise, the anterior and middle cingulate cortex, precuneus, and hippocampus/amygdala were activated when testing sickness-cue integrationrelated whole-brain functional connectivity with the IPS but were not activated when previously testing for unisensory odor or face sickness perception. In this context, hippocampus/amygdala activation may represent the involvement of an associative neural network responding to threat (24) represented by a multisensory sickness signal. This notion supports the earlier assumption of olfactory-sickness-driven OFC and MDT activation, suggested to be part of a neural circuitry serving disease avoidance. Last, the middle cingulate cortex has recently been found to exhibit enhanced connectivity with the anterior insula during a first-hand experience of LPS-induced inflammation (26) , and this enhancement has been interpreted as a potential neurophysiological mechanism involved in the brain's sickness response. Applied to the current data, the middle cingulate cortex, in the context of multisensory-sickness-driven associations between IPS and whole-brain activations, may indicate a shared representation of an inflammatory state and associated discomfort.
In conclusion, the present study shows how subtle and early olfactory and visual sickness cues interact through cortical activation and may influence humans' approach-avoidance tendencies. The study provides support for sensory integration of information from cues of visual and olfactory sickness in cortical multisensory convergences zones as being essential for the detection and evaluation of sick individuals. Both olfaction and vision, separately and following sensory integration, may thus be important parts of circuits handling imminent threats of contagion, motivating the avoidance of sick conspecifics (3, 5) .
Materials and Methods
Participants. Thirty right-handed healthy participants (15 females, 18-34 y of age) participated in the fMRI study. Participants provided written informed consent and were remunerated with movie vouchers. The study conformed to the Declaration of Helsinki and was approved by the regional ethics review board in Stockholm, Sweden. For further details, please see SI Materials and Methods.
Stimuli and Stimulus Delivery. Stimuli consisted of combined olfactory-visual presentations. Stimuli had been acquired in a separate study (22) (see also SI Materials and Methods). Briefly, 22 healthy males and female individuals, referred to as "donors," had participated in a within-subject double-blind placebo-controlled crossover design that had assessed multiple outcome parameters of one-dose LPS treatment (2.0 ng/kg body weight) or one-dose saline (placebo) control treatment. Please refer to Fig. S2 to see the effects of LPS administration on measures of sickness in comparison to saline administration on the donor sample.
Visual stimuli were static images of 18 selected donor's faces showing neutral facial expression (see SI Materials and Methods for further details) taken 2 h after LPS treatment (sick) or placebo treatment (healthy), respectively. The images were visible to participants via an angled mirror mounted on the head coil. Olfactory stimuli were body odor samples of the donors obtained via nursing pads sewn into the left and right armpit area of t-shirts (45) that had been worn for 5 h following LPS (sick) or saline (healthy) injection. An unused sampling pad served as control odor. Olfactory stimuli were presented orthonasally by a computer-controlled 16-channel MR-compatible olfactometer (46) . Also see SI Materials and Methods.
Experimental Task. The protocol consisted of visual and olfactory stimulus presentations in a 2 × 3 (faces × odors) factorial design during two fMRI sessions (Fig. 6 ). Participants were asked to focus on the faces rather than on the odors because the latter were often too weak to perceive. They were instructed to rate their liking of the person pictured, inviting them to express their integrated experience. To avoid any perception bias associated with the concept of sickness, participants were not aware that they would be seeing and smelling sick and healthy people. For an example of a photograph of one female donor please refer to Fig. S3 .
One trial (Fig. 6 ) started with the presentation of a black fixation cross (jittered 1,250-2,500 ms duration), which changed color to green (jittered 750-1,000 ms duration) signaling the start of a new breathing cycle ("inhale") to the participant. As the participants inhaled, a face and an odor were presented for 2,000 ms, followed by a 1,000-ms blank screen. A seven-point rating scale ("How much do you like this person?") was then presented for 4,500 ms. The screen cursor could be moved to the right (toward 6, very much) and left (toward 0, not at all) using the ring and index fingers, respectively, and the answer was confirmed with the middle finger, using a MRI-compatible button box.
The same odor (sick or healthy body odor from a male or female donor) or control air was used in three consecutive trials aiming to intensify the otherwise very weak olfactory experience while three different faces were presented. These three faces depicted either a sick or a healthy person (matching sex of the respective body odor). For a detailed description of presentation scheme please refer to SI Materials and Methods. Each face image was presented for 2,000 ms, and participants were asked to rate how much they liked the person (from 0, not at all to 6, very much).
After the scanning, participants performed perceptual ratings in the scanner for separately presented face and odor stimuli. All 36 faces (18 sick, 18 healthy) were presented for 2 s each, with a 10-s intertrial rest period; no odor was presented. Participants rated the faces regarding attractiveness on a scale from −3 (very unattractive) to +3 (very attractive), health from −3 (very sick) to +3 (very healthy), and desired social interaction from −3 (not at all desired) to +3 (very much desired). All nine odor pads were presented for 2 s each, with a 30-s intertrial rest period. Participants rated the odors regarding intensity from 0 (not intense at all) to 6 (very intense), pleasantness from −3 (very unpleasant) to +3 (very pleasant), and health from −3 (very sick) to +3 (very healthy). The order of stimuli and rating prompts was randomized.
Data Acquisition and Analysis. Functional images were acquired with a T2*-weighted, gradient-echo, echoplanar imaging (EPI) sequence with a BOLD contrast on a 3T GE (General Electric) 750 MR scanner using an eight-channel head coil.
Data were preprocessed (FieldMap correction, realignment, coregistration and unified segmentation of mean functional image, normalization, and 9-mm smoothing) using SPM8. Data then were analyzed in subjectwise general linear models (GLMs), and contrasts of interest then were analyzed with two mixed-effects GLMs (GLM-1 and GLM-2) for group effects.
In GLM-1, the contrast visual sickness ( (V S O S > V H O H ). The resulting statistical parametrical maps were thresholded with a combined height and extent threshold technique based on Monte-Carlo simulations (47) and the spatial properties of the residual image [P < 0.001, extent threshold of k = 44 voxels, corresponding to a cluster-level familiywise error (FWE) of P < 0.05]. In GLM-2, the contrast superadditive sickness contrasted the olfactory-visual condition against the sum of the subtraction contrasts. This contrast was thresholded with a peak-level FWE correction of P < 0.05 and an extent threshold of k = 10 voxels.
For the PPI analysis, we analyzed task-related (superadditive sickness) whole-brain connectivity with an activation hub of interest in the right IPS. The contrast IPS × superadditive sickness was built as in GLM-2 and represented task-related connectivity of the IPS with superadditive sickness. The contrast was also thresholded with a peak-level FWE correction of P < 0.05 and an extent threshold of k = 10 voxels.
For details of the recording protocol, preprocessing, and analyses, please see SI Materials and Methods.
